؉ -T-cell epitope derived from malaria sporozoites. This vaccination regimen elicited high levels of protection against malaria. This is the first time that the vaccine efficacy of a recombinant cold-adapted influenza virus vector expressing a foreign antigen has been evaluated.
Malaria remains a major cause of morbidity in tropical and subtropical areas of the five continents, with an estimated 350 to 500 million individuals displaying clinical manifestations each year. In addition, the increasing drug resistance of the two most prevalent severe malaria species infecting humans, Plasmodium falciparum and Plasmodium vivax, makes it important to develop effective and long-lasting antimalaria vaccines. The feasibility of a prophylactic malaria vaccine for humans has been demonstrated with volunteers immunized with irradiated sporozoites of P. falciparum and P. vivax. This immunization protocol resulted in complete protection from disease after challenge of vaccinees by the bite of laboratory-bred mosquitoes infected with viable sporozoites (10) . This proof of principle, obtained in the late 1970s, was corroborated by various investigators (9, 23) .
In 1976 we described the circumsporozoite (CS) protein, which covers the entire sporozoite surface with a thick coat (11) . Injection, into mice, of minimal amounts of an anti-CS monoclonal antibody directed against the CS repeats of Plasmodium berghei (its major B cell epitope) abolished sporozoite infectivity (32) . The CS protein is expressed not only by sporozoites but also by parasite-infected hepatocytes. Immunization of mice with irradiated sporozoites elicits CS-specific CD8 ϩ T cells, which mediate the inhibition of development of the parasite's liver stages (29) . These antigen-specific CD8 ϩ T cells can also be induced by immunizations with several recombinant viruses, which, by entering the cytoplasms of antigenpresenting cells, induce "foreign" antigen processing and presentation by the class I pathway (18) .
Priming-boosting immunization approaches using two different vectors expressing the same antigen have demonstrated great potential as vaccination strategies, resulting in the induction of potent immune responses against malaria (5, 15, 25-27, 30, 33) and other infectious diseases, including AIDS (1, 16, 20, 28) . A number of earlier experiments pioneered the use of different vectors in priming-boosting regimens of immunization. Specifically, mice were primed with a recombinant influenza virus and given boosters with a recombinant vaccinia virus; both viruses expressed sequences of the CS protein of Plasmodium yoelii (18) . This regimen of immunization elicited a high degree of protection against sporozoite challenge. It was also shown that immunizing mice with both recombinant influenza and vaccinia viruses, which express the B-cell and cytotoxic CD8
ϩ -T-cell epitopes of P. falciparum, resulted in CSspecific activated CD8 ϩ T cells and antibodies (21) . However, these viral vectors, based on moderately attenuated recombinant viruses, could not be safely used in a human malaria vaccine, and certainly not in immunosuppressed individuals. In the present paper, we demonstrate that recombinant replication-attenuated cold-adapted (ca) influenza and modified vaccinia Ankara (MVA) virus vectors, attenuated to levels known to be safe in humans, remain effective in inducing protective immunity against P. yoelii infection in BALB/c mice. Although it is possible that this mouse model does not completely mimic P. falciparum infection in humans, our results indicate that virus vectors based on replication-attenuated influenza and vaccinia viruses are good candidates for priming-boosting vaccination approaches against malaria.
Generation of a recombinant cold-adapted influenza virus expressing a plasmodial CTL epitope. We previously generated recombinant influenza A/WSN/33 virus MNA expressing a cytotoxic-T-lymphocyte (CTL) epitope (SYVPSAEQI) derived from the CS protein of P. yoelii (24) . This epitope was inserted into the neuraminidase (NA) gene of the recombinant virus (24) . In order to isolate a ca influenza virus expressing the same epitope, we coinfected MDCK cells with the MNA virus and the ca influenza A/Ann Arbor/6/60 virus (provided by H. Maassab), at a multiplicity of infection of one virus particle per cell. This procedure results in the generation of viral progenies consisting of a mixture of reassortant viruses containing different combinations of the eight viral genes from each parent virus. After 3 days of incubation at 33°C, supernatants were harvested and further passaged onto fresh MDCK cell monolayers at 25°C for 3 days to select for reassortant viruses containing the polymerase genes of the ca virus parent. 5 PFU of CA-CS using the intranasal, subcutaneous (s.c.), intramuscular (i.m.), intraperitoneal (i.p.), and intravenous (i.v.) routes of administration. Two weeks after immunization, animals were sacrificed, and the number of gamma interferon (IFN-␥)-secreting, CS peptide-specific T cells was determined by an enzyme-linked immunospot (ELISPOT) assay, as previously described (7) . Briefly, splenocytes were incubated with target antigen-presenting cells for 24 h, and then the number of spots corresponding to IFN-␥-secreting cells was counted. In these assays, P815 (H-2 d ) cells coated with SYVPSAEQI peptide, the H-2K d CD8 CTL epitope of the P. yoelii CS, were used as target cells. Every ELISPOT assay was performed with the corresponding controls; i.e., splenocytes obtained from the immunized mice were also cultured with P815 cells without peptide. In these control assays, no response or only a weak response was obtained (data not shown). By contrast, all routes of immunization with CA-CS resulted in the induction of IFN-␥-secreting cells specific for the CS epitope. Similarly to our previous studies with the non-ca recombinant influenza virus expressing the CS epitope (Flu-ME) (21a), no major differences were found in the magnitude of the CS-specific immune response induced through the different immunization routes, which resulted in 150 to 400 CS-specific IFN-␥ secreting cells per 10 6 splenocytes (Fig. 1A) . In subsequent experiments, we used the s.c. route of administration, resulting in slightly higher numbers of IFN-␥-secreting CSspecific CD8 ϩ T cells (Fig. 1A) . In a dose-response immunization experiment, we found that maximal numbers of CSspecific CD8 ϩ T cells (approximately 600 cells per million) were obtained with 10 6 PFU of CA-CS. This number of cells failed to increase upon immunization with a higher dose of CA-CS (Fig. 1B) .
We then compared the immune response induced by immunization with one versus two s.c. doses of CA-CS, administered at a 2-week interval. The second dose of CA-CS failed to increase greatly (boost) the initial immune response but had simply an additive effect on the number of CS-specific CD8 ϩ T cells (Fig. 1C) . The presence of neutralizing antibodies against
FIG. 1. CS-specific CD8
ϩ -T-cell immune response elicited by CA-CS. Numbers of CS-specific CD8 ϩ T cells were measured with the IFN-␥ ELISPOT assay on fresh splenocytes 2 weeks after immunization with a single dose of 10 5 PFU of CA-CS following different routes (A), 2 weeks after immunization with different doses of CA-CS administered subcutaneously (B), and 4 weeks (4w) or 2 weeks (2w) after subcutaneous immunization with 10 6 PFU of CA-CS or 4 weeks after subcutaneous immunization with 10 6 PFU of CA-CS followed 2 weeks later by a homologous subcutaneous booster with the same dose of CA-CS (C). The results are those obtained in one of two identical experiments and are means plus standard deviations for four mice.
the CA-CS vector induced after the first immunization is most likely responsible for the lack of a robust boosting effect. Similar additive effects after boosting with homologous viruses were seen when replication-impaired viral vectors were used, most likely indicative of low levels of infection achieved by the vector in animals previously immunized with the same vector (14) . We also found that the response to a single s.c. dose of CA-CS decreased about 10 times between 2 and 4 weeks after injection (Fig. 1C) . It is noteworthy that the level of the anti-SYVPSAEQI CD8
ϩ -T-cell response to CA-CS was very similar to that obtained by immunization with the non-ca Flu-ME virus (data not shown).
Cellular and antibody responses of mice primed with CA-CS or Flu-ME and boosted with either VAC-CS or MVA-CS. Previously, we found that cellular immune responses induced in mice by a recombinant influenza virus vector expressing a CTL epitope are efficiently boosted with a vaccinia virus vector expressing the same epitope. Since vaccinia virus is known to cause adverse effects in a small proportion of immunized individuals, especially if they are immunocompromised, we generated a recombinant attenuated vaccinia virus expressing the CS protein of P. yoelii based on the replication-impaired MVA strain. For this purpose, the gene encoding the entire CS protein of P. yoelii was cloned into the vaccinia virus insertion vector pJR96-01, downstream of a strong synthetic early/late virus promoter (8) . The resulting plasmid, pJR-PYCS, was used to transfect chicken embryo fibroblast (CEF) cells infected with the MVA strain of vaccinia virus (provided by G. Sutter). After six rounds of plaque purification, recombinant viruses were grown on cultures of CEF cells. The purified viruses were titrated by immunostaining (13) .
CA-CS immunized animals were boosted 2 weeks later by using different routes of administration of the attenuated MVA virus vector expressing CS (MVA-CS) ( Fig. 2A) . When MVA-CS was given i.v., i.m. or i.p. to CA-CS-primed mice, the number of CS-specific CD8 ϩ T cells was efficiently boosted. By contrast, poor responses were induced by the s.c. and i.d. routes of administration. In subsequent experiments, we used the i.v. route of administration for MVA-CS, resulting in slightly higher numbers of IFN-␥-secreting CS-specific CD8 ϩ T cells. Similar observations were previously obtained by Hanke et al. using a recombinant MVA virus expressing CTL epitopes from HIV-1 (17) . Animals immunized with only MVA-CS (not primed with the CA-CS influenza virus vector) exhibited only a modest response, similar to the one induced by CA-CS alone ( Fig. 2A, last column) . The number of CS-specific CD8 ϩ T cells correlated closely with the viral dose used for booster immunization (Fig. 2B) . Animals boosted i.v. with 10 8 PFU of MVA-CS displayed the largest number of IFN-␥-secreting CS-specific CD8 ϩ T cells. Efficient expression of CS by the MVA vector was required for efficient boosting, since a different version of MVA-CS that expressed CS under the control of a less potent promoter (the p7.5 promoter) induced 5-times-lower numbers of CS-specific CD8 ϩ T cells than the version of MVA-CS used in our experiments (data not shown).
We then compared the efficacy of a priming-boosting strategy using the replication-impaired CA-CS and MVA-CS vectors to that obtained with regimens based on the use of the corresponding wild-type viral strains of these vectors also expressing the same plasmodial epitope, Flu-ME and VAC-CS.
The recombinant vaccinia virus VAC-CS, derived from the Western Reverse strain, was described previously (18) . Four groups of mice were primed s.c. with either Flu-ME or CA-CS and boosted i.v. with either MVA-CS or VAC-CS. When an optimal priming dose (10 6 PFU) of Flu-ME or CA-CS was used, the viral vectors were comparable in their ability to prime a CS-specific immune response, as measured by the numbers of splenic CS-specific IFN-␥-secreting CD8
ϩ T cells at day 14 or 21 after boosting (Fig. 2C, compare columns 1 and 3 and columns 2 and 4). Only when low doses (10 3 or 10 4 PFU) of Flu-ME or CA-CS were used in priming did Flu-ME-primed mice have higher CD8 responses than those primed with CA-CS (data not shown). By contrast, when the boosting ability of VAC-CS and MVA-CS was analyzed, we found that 2 weeks after boosting the number of splenic CS-specific CD8 ϩ T cells was considerably greater in the VAC-CS-boosted group of mice. By week 3, the number of CD8 ϩ T cells decreased to levels similar to those found in MVA-CS-boosted animals (Fig.  2C) . In contrast, mice boosted with MVA-CS had similar numbers of CS-specific CD8 ϩ T cells after 2 and 3 weeks (Fig. 2C ). Antisporozoite antibody titers in mice subjected to primingboosting were determined by immunofluorescence assay (IFA) using P. yoelii sporozoites, which were air-dried onto multiwell glass slides. After these antigen slides had been incubated for 1 h with the sera diluted in phosphate-buffered saline plus 1% bovine serum albumin, the slides were washed and incubated for another hour with a fluorescein isothiocyanate (FITC)-labeled goat anti-mouse immunoglobulin antibody (Kirkegaard & Perry Laboratories). The slides were mounted (after repeated washes), and the antisporozoite antibody titers were determined as the highest serum dilution displaying fluorescent sporozoites (22) . The antisporozoite antibody titers were very high in all four groups of mice but varied greatly in individual animals within the same group, namely, from 1,600 to 12,800 (Fig. 2C) . It should be noted that since the Flu-ME and CA-CS vectors express a single CS-derived epitope in the context of the stalk of its NA protein, CS-specific antibodies were induced solely by the MVA-CS or VAC-CS vector.
In order to confirm the differences in magnitude of the cellular CD8 ϩ immune response induced when VAC-CS and MVA-CS were used as boosters, we also examined by tetramer staining the number of CS-specific CD8
ϩ T cells present in peripheral blood of mice primed with CA-CS and boosted with MVA-CS or VAC-CS, at 5, 14, and 21 days after the booster. In these experiments, CS-specific CD8 ϩ T cells were identified by using an H-2K d major histocompatibility complex class I tetrameric complex containing the peptide SYVPSAEQI within the peptide-binding cleft. Soluble tetrameric H-2K d SYVPSAEQI complexes were produced, as previously described (5). Freshly isolated peripheral blood lymphocytes were first stained directly, ex vivo, with the tetrameric complex and labeled with phycoerythrin, followed by staining with allophycocyanin-labeled anti-CD8 and anti-CD3-FITC-labeled monoclonal antibodies. Samples were analyzed on a FACSCalibur apparatus using CELLQUEST software (Becton Dickinson). Tetramer-positive-T-cell numbers reached a maximum on day 14, when we used VAC-CS as the booster, and decreased after this time. However, when the booster was given with MVA virus, the percentage of positive CD8 ϩ T cells increased gradually from day 5 to at least day 21 after the (Fig. 3A) . The same tetramer stained approximately 0.08% of CD8 ϩ T cells from mice immunized with MVA-CS or VAC-CS alone and 0.03% from naive mice (data not shown). The percentage of tetramer-positive CD8 ϩ T cells measured in animals immunized with CA-CS alone was similar to that found in animals immunized only with MVA-CS (between 0.5 and 0.9%).
To determine the duration of the immune response, we analyzed the numbers of CS-specific CD8 ϩ T cells in spleens of ϩ cells and IFA antibody titers of mice primed with 10 6 PFU of Flu-ME or CA-CS and boosted 2 weeks later with 5 ϫ 10 7 PFU of MVA-CS or VAC-CS were measured. At 14 and 21 days after boosting, the numbers of CS-specific CD8 ϩ T cells in the spleen were determined by ELISPOT assay. Sera from all immunized mice were also collected and assayed by IFA for the presence of CS-specific antibodies. The results are those obtained in one of four identical experiments and are means plus standard deviations for three mice.
immunized mice by ELISPOT. Mice were primed with CA-CS and boosted with MVA-CS or VAC-CS, and CS-specific CD8 ϩ -T-cell splenocytes were monitored at different times postimmunization between 14 and 120 days. There was an initial sharp increase of CD8 ϩ cells, at 14 days after the VAC-CS booster, followed by a rapid decrease. This response later declined slightly, remaining detectable for up to 120 days. Similar numbers of CS-specific IFN-␥-producing CD8 ϩ T cells were elicited by the MVA-CS booster, except for a smaller peak at 14 days (Fig. 3B) .
Priming with CA-CS and boosting with MVA-CS provide complete protection of mice against P. yoelii sporozoite challenge. Mice that had been immunized by using different priming-boosting combinations were challenged with 50,000 P. yoelii sporozoites at day 21 postimmunization, and the levels of protection against parasite development were evaluated. We obtained sporozoites of P. yoelii (strain 17X NL) from dissected salivary glands of Anopheles stephensi mosquitoes, 2 weeks after their blood meal on infected (gametocyte-carrying) mice. Forty hours after the challenge, the level of inhibition of liver stage development was determined by quantifying plasmodial 18S rRNA in the livers of mice. For this purpose, liver-extracted RNA was reverse transcribed, and an aliquot of the resulting cDNA was used for real-time PCR amplification of the plasmodial 18S rRNA sequences, using a GeneAmp 5700 sequence detection system (PE Applied Biosystems, Foster City, Calif.), as described previously (6) . We found that inhibition of liver stage development of the parasites, as determined by reverse transcription-PCR, was greatest in Flu-ME-or CA-CS-primed, MVA-CS-boosted mice (98.8 and 98.2%, respectively) (Fig. 4A) . The percentage of inhibition in mice boosted with VAC-CS was also high but consistently failed to reach the levels seen after MVA-CS boosting. Depletion experiments demonstrated that CD8 ϩ T cells were required for the protection afforded by the CA-CS-MVA-CS priming-boosting immunization regimen (Fig. 4B) . Treatment with anti-CD8 almost completely abolished the inhibition of liver stage development, whereas treatment with anti-CD4 only slightly diminished the inhibition induced by immunization with CA-CS followed by MVA-CS.
In parallel experiments, protection was also assessed by examining blood smears of immunized mice, which were challenged with 100 viable P. yoelii sporozoites, for the occurrence of erythrocytic stages. Peripheral blood smears were obtained daily from day 3 to 14 postchallenge, stained with Giemsa, and examined by microscopy, to determine whether these immunized mice became parasitemic, i.e., failed to develop protection. The inhibition (Ͼ98%) of plasmodial RNA levels in CA-CS-primed, MVA-CS-boosted mice coincided with the 100% resistance of the animals to develop blood stages upon sporozoite challenge. At the same time, complete protection occurred in only 70% of mice primed with CA-CS but boosted with VAC-CS (Table 1) . Moreover, in mice challenged 2 months after immunization, the percentage of completely protected mice decreased to 63% in MVA-CS-boosted mice, versus 40% in VAC-CS-boosted mice. These percentages remained unaltered at 4 months postimmunization (Table 1) .
Potential use of influenza and vaccinia virus vectors as malaria vaccines. We have shown that attenuated influenza and vaccinia virus vectors induce protective cellular immune responses when used in a priming-boosting immunization strategy against murine malaria. The two attenuated viruses we used for this immunization, namely, a recombinant ca influenza virus and a recombinant MVA virus, were based on viruses which had been safely used for vaccination of very large numbers of adults and children (2, 19) . ca influenza viruses were obtained by passaging influenza viruses at low temperatures in tissue culture. As a result, influenza virus became adapted to efficiently replicate at 25°C while losing its ability to replicate at higher (host) temperatures. ca influenza viruses are presumed to be attenuated because they fail to replicate in the lower respiratory tract of mammalian hosts. MVA viruses were obtained by continuous passaging of vaccinia virus in tissue culture (embryonic chicken fibroblasts), which resulted in the loss of a significant part of the viral genome, leading to attenuation in mammalian hosts. These two attenuated viruses, when engineered to express either the immunodominant CTL epitope of P. yoelii CS, or the entire CS protein, were as protective as, or even more protective than, the corresponding more virulent viral vectors used previously against malaria (18) . In fact, the protective effect of the MVA-CS booster was greater than that of the VAC-CS booster. The greater protection with the MVA-CS booster was demonstrated by the nearly total inhibition of liver stage development in immunized and challenged mice (Fig. 4A) . It was corroborated by subsequent experimental results, namely, that 100% of the MVA-CSboosted mice were protected in a challenge experiment 3 weeks later failing to develop parasitemia. In contrast, only 70% of the VAC-CS-boosted mice developed sterile immunity (Table 1) . Since VAC-CS and MVA-CS were not able to confer protection against sporozoite challenge when used alone (Fig. 4A) , priming with recombinant influenza virus expressing a single CS epitope recognized by CTLs was essential for protection in these experiments. Although at this moment it is unclear whether the same vaccination approach will be successful in hosts with other genetic backgrounds, the generation of recombinant influenza viruses expressing multiple epitopes recognized by different class I molecules is feasible.
An important finding was also the long duration of the protective response. Although levels of protection declined from 100 to 63% from day 21 to 60 after immunization, 60% of the mice were still protected at 120 days after boosting with MVA-CS ( Table 1) . A consistently short duration of protection has, up until now, been an important failure not only of experimental pre-erythrocytic immunization attempts but also of the corresponding human vaccine trials. In the first successful human vaccine trial, using a hybrid hepatitis B surface antigen fused with a large part of the CS protein of P. falciparum (RTS, S-BSA2), six of seven vaccinees, using certain adjuvants, were shortly thereafter protected against sporozoite challenge (31) . When RTS, S-BSA2 was used as a vaccine in an area where malaria is endemic, The Gambia, the lack of duration of this vaccine's efficacy was striking. During the first 9 weeks of surveillance, the efficacy of this vaccine formulation was reported as 71%. However, it was 0% in the following 6 weeks (4). In malaria-naïve individuals, only two of seven vaccinees who had resisted an earlier sporozoite challenge at week 31 were protected against rechallenge after 55 weeks (U. Krzych, personal communication). Vaccination protocols resulting in long-lasting immunity against Plasmodium will be needed to efficiently prevent malaria.
A critical role of the CD8 ϩ T cells in mediating protection was directly demonstrated in depletion experiments. Specifically, CD8 depletion and not CD4 depletion completely abolished CA-CS/MVA-CS-induced protection. However, the molecular basis of the greater protection conferred by MVA-CS (compared to VAC-CS) has not yet been clarified. We found that it is not based on a greater number of CS-specific CD8 ϩ T cells or on higher antisporozoite antibody titers in the MVA-CS-boosted mice. Moreover, the decline of protection observed in CA-CS/MVA-CS-immunized animals between days 21 and 60 (Table 1 ) cannot be attributed to a decrease in numbers of CD8 ϩ T cells, which remain approximately constant during days 20 and 120 postimmunization (Fig. 3B) . Similarly, CS-specific antibody titers were stable over time (data not shown). The quality of the CTL response or additional immune parameters not yet identified might be responsible for the increased levels of protection induced when MVA-CS was used as a booster, compared to VAC-CS. MVA viruses, which lost approximately 30% of the vaccinia virus genome, might have lost expression of viral immunomodulatory genes, e.g., those encoding cytokines, chemokines, or their receptors, which may modulate the quality of the host immune responses (3) . Defining the molecular mechanisms of the increased protection induced by the MVA-CS booster is an important issue to be investigated.
We used the mouse-P. yoelii malaria model in these experiments for two reasons: First, this system provides the opportunity to observe protection and to quantitatively determine the level of parasites in the liver. This is not feasible by immunization of mice with the P. falciparum CS-expressing viral vectors, since P. falciparum sporozoite challenge does not induce disease in mice. Second, results obtained in the experimental P. yoelii rodent model by many investigators indicate that this is a good model for human malaria, and, where testable, results obtained with pre-erythrocytic malaria vaccines could be extrapolated to P. falciparum infection in humans (12) . However, although our results clearly show that immunization with recombinant ca influenza virus followed by recombinant MVA virus induces protection against P. yoelii infection in mice, future experimentation is required to proof the efficacy of this vaccine approach to protect against P. falciparum in humans.
